The delivery of tyrosol by BN-nanotube was investigated by density functional theory in the gas phase. The antioxidant activity of tyrosol was investigated in the gas phase and water. The effects of NHMe, OMe, and tert-butyl substituents on the antioxidant activity and delivery of tyrosol were investigated. Results showed that BN-nanotube interacted with tyrosols effectively and adsorption of tyrosol derivatives on BN-nanotube were exothermic and possible from the energetic viewpoint. Also, replacement of the NHMe group at the x position of tyrosol was suitable scheme the sensitivity of tyrosol toward BN-nanotube surface. The NHMe and OMe substitutions decreased the BDE and IP values and increased the antioxidant activity of tyrosol. The BDE an IP values of tyrosols have linear dependencies with E ad values of tyrosols. These linear dependencies proposed the novel tyrosol derivatives with high level of antioxidant activity.
Introduction
Peroxidation of cell membrane lipid results in membrane destabilization and change of transport characteristics, which leads to cell death, eventually. Many studies have demonstrated that lipid peroxidation by free radicals was most important factor to increase the cancer in human body. Antioxidants protect body cells against the unstable molecules known as free radicals. Tyrosol is a natural phenolic antioxidant in a variety of natural sources such as wines, green tea, and argan oil. [1, 2] Tyrosol is considered for its contribution to flavour, stability, and nutritional value of oil, with also demonstrated bioavailability in humans. In addition, tyrosol has strong antioxidant activity as well as the ability to inhibit pro-oxidation processes on human particles in numerous in vitro experiments. [3, 4] Tyrosol as phenolic antioxidant can play its protective role via two mechanisms. In the first mechanism, the free radical removes a hydrogen atom from the tyrosol. In the second mechanism, the tyrosol give an electron to the free radical. The bond dissociation enthalpy (BDE) and ionization potential (IP) are important parameters for evaluation the antioxidant activity of compounds. The antioxidants with high level of activity have lower BDE and IP values and so they can deactivate free radicals by transfer the electron or hydrogen to free radicals, efficiently.
even possible future applications of molecular nanotechnology such as biological machines. The integration of nano-materials with biology has led to the development of diagnostic devices and drug delivery vehicles. [10, 11] Since the discovery of boron nitride (BN)-nanotubes, they have opened up new fields in science and technology because of their unique properties. BN-nanotubes have the bio-compatibility properties and they were suitable nanostructure to drug delivery and other biomedical applications. In previous studies, have been proved that BN-nanotubes were smooth nanostructures channel to transfer the important antioxidant drugs. [12, 13] In the present work, the antioxidant activity of tyrosol and its interaction with BN-nanotube (9, 0) were investigated by using of theoretical methods. The effects of NHMe, OMe, and tert-butyl substituents (structures were shown in Figure 1 ) on the antioxidant activity of tyrosol were investigated. Also the interactions of studied tyrosol derivatives with BN-nanotube (9, 0) were investigated in the gas phase and water (structures were shown in Figure 2 ). In this study, novel tyrosol derivatives with high level of antioxidant activity were proposed.
The main objectives of present study are: (1) to investigate the antioxidant activity of tyrosol; (2); to identify the effects of NHMe, OMe, and tert-butyl substituents on BDE and IP values of tyrosol; (3) to find tyrosol derivatives with high level of antioxidant activity and low BDE and IP values; (4) to investigate the ability of BN-nanotube (9, 0) to delivery of tyrosol; (5) to explore how the NHMe, OMe, and tert-butyl substituents alter the tyrosol adsorption on BN-nanotube (9, 0) surface.
Computational details
In this article, geometry structure of substituted tyrosols and their radical and cation radical forms were optimized in the gas phase and water. Also the geometry structures of BN-nanotube (9, 0) and their complexes with tyrosol derivatives were optimized in the gas phase and water. In order to avoid the boundary effects, atoms at the open ends of the studied BN-nanotube (9, 0) structures were saturated with hydrogen atoms. Frequency analyses at the optimized structures were carried out at the same theoretical level which enable us to confirm real minima. [14] [15] [16] All the calculations were performed in the GAMESS package by using of the DFT/B3LYP method and 6-311++G (d) basis set in gas phase and polarized continuum model (PCM) in water. [17] [18] [19] 
Results and discussion
In this study, the BDE and IP values of tyrosol were investigated in the gas phase and water. The effects of NHMe, OMe, and tert-butyl substituents on antioxidant activity of tyrosol were investigated. According to obtained results in this study, the novel tyrosol derivatives with high level of antioxidant activity were proposed. Also the adsorption energy (E ad ) of studied tyrosol derivatives on BN-nanotube surface were investigated. In this study, the adsorption energy of studied complexes were defined as follow: where the E (BN-nanotube/x-tyrosol) corresponds to the energy of x-tyrosol when adsorbed to BN-nanotube, E (BN-nanotube) is the energy of the BN-nanotube, E (x-tyrosol) is the energy of x-tyrosol, and E BSSE is the energy of the basis set superposition error, that was calculated by using the counterpoise correction method. [20] By definition, a negative E ad value corresponds to an exothermic adsorption of x-tyrosol on BN-nanotube surface. In this study, the dependencies of between calculated BDE and IP values of tyrosols and E ad values of tyrosols were investigated.
Computed BDE and IP values of tyrosol derivatives
In recent years, the antioxidant activity of important antioxidant compounds have been investigated. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In this section, the effects of NHMe, OMe, and tert-butyl substituents on the BDE and IP values of tyrosol were investigated, in order to find the novel tyrosol derivatives with high level of antioxidant activity. This work represents the first systematic study of antioxidant activity of substituted tyrosol derivatives by using of theoretical methods. The computed BDE and IP values of NHMe, OMe, and tert-butyl substituted tyrosols in the gas phase and water were reported in Table 1 . The calculated BDE values of tyrosol were 340 and 333 kJ mol −1 in the gas phase and water, respectively. For NHMe-tyrosol the BDE values were lower than those of tyrosol ca 38 and 36 kJ mol -1 in the gas phase and water, respectively. The OMe group in the x position of tyrosol, decrease the BDE value of tyrosol ca 21 and 18 kJ mol −1 in the gas phase and water, respectively. For tert-butyl-tyrosol, the BDE values were lower than those of tyrosol ca 328 and 324 kJ mol −1 in the gas phase and water, respectively. Finally, results show that BDE values of NHMe-tyrosol were lower than those of OMe-tyrosol ca 11 and 32 kJ mol −1 in the gas phase and water, respectively.
The calculated IP values of tyrosol were 670 and 315 kJ mol −1 in the gas phase and water, respectively. The OMe group in x position of tyrosol decrease the IP values of tyrosol 38 and 31 kJ mol −1 , in gas phase and water, respectively. The NHMe group in x position of tyrosol decrease the IP values of tyrosol ca 64 and 61 kJ mol −1 , in the gas phase and water, respectively. Results show that IP values of NHMe-tyrosol was lower than those of OMe tyrosol ca 28 and 40 kJ mol −1 in gas phase and water, respectively. Results show that BDE and IP values of tyrosol derivatives in water were lower than those of values in gas phase ca 6 and 350 kJ mol −1 , respectively. Therefore, replacing of hydrogen atom in x position of tyrosol by NHMe group can suitable scheme to improve the antioxidant activity of tyrosol.
In this article, the BDE and IP values of tyrosol and NHMe, OMe, and tert-butyl substituted tyrosols were calculated in benzene, methanol, and ethanol phases and calculated results were reported in Table 2 . Results show that BDE values of tyrosol were 343, 338, and 339 kJ mol −1 in benzene, methanol, and ethanol phases, respectively. The IP values of tyrosol were 677, 680, and 681 kJ mol −1 in benzene, methanol, and ethanol phases, respectively. The BDE and IP values of substituted tyrosol derivatives in benzene were higher than values of substituted tyrosol derivatives in water ca 8 and 360 kJ mol , respectively. Therefore results show that, calculated BDE and IP values of substituted tyrosol derivatives in water were lower than corresponding values of substituted tyrosol derivatives in benzene, methanol, and ethanol phases.
Calculated and experimental ΔBDE and ΔIP values of substituted phenols were compiled in Table 3 . The experimental BDE values were obtained by using of the electro chemical (EC) method. The experimental IP values were obtained by using of the electron impact technique (EIT) method. [5, 6, 21, 28] The average absolute deviations of the ΔBDE values of tyrosols and those of phenols in Table 3 were 2 and 6 kJ mol ) of tyrosol derivatives in the gas phase and water. Water  Structure  BDE  IP  BDE  IP  tyrosol  340  670  333  315  NHMe-tyrosol  302  604  296  254  OMe-tyrosol  319  632  315  280  tert-butyl-tyrosol  328  649  324 295 The average absolute deviations of the ΔIP values of substituted tyrosols and those of phenols in Table 3 were 3 and 5 kJ mol −1 , respectively. Therefore, results show that, published ΔBDE and ΔIP values of phenols [5, 6, 21, 28] and ΔBDE and ΔIP values of tyrosols in present article have same trends.
Gas Phase

Adsorption of tyrosol derivatives on BN-nanotube surface
The calculated E ad values of x-substituted tyrosol derivatives on BN-nanotube surface in the gas phase and water were reported in the Table 4 . Results reveal that E ad values of x-tyrosol derivatives on BN-nanotube surface were negative. Results show that, the E ad values of tyrosol on BN-nanotube in the gas phase and water were −6.18 and −5.96 kJ mol
, respectively. The E ad values of tert-butyltyrosol on BN-nanotube in the gas phase and water were −6.38 and −6.12 kJ mol . The NHMe and OMe substituents have the high delocalization energy or high resonance energy and these can stabilize the tyrosol derivatives and their complexes with BN-nanotube remarkable, in the gas phase and water. Therefore, the NHMe and OMe tyrosol derivatives have more negative E ad values and higher ability to adsorption on surface of BN-nanotube in comparison to tyrosol. In according to obtained E ad values, it can be concluded that NHMe-tyrosol derivative has highest ability to adsorption on surface of BN-nanotube.
In this paper, Also the transferred charge (Q T (e)) from the tyrosol derivatives to BN-nanotube (9, 0) were calculated and obtained results were reported in Table 4 . Results show that, value of transferred charge from tyrosol to BN-nanotube (9, 0) was 0.132 eV. Also, the values of transferred charge from NHMe-tyrosol and OMe-tyrosol to BN-nanotube (9, 0) were 0.178 and 0.143 eV, respectively. The scheme of density of state of complexes of tyrosol derivatives with BN-nanotube (9, 0) were reported in Figure 3 . Results in Figure 3 indicated that NHMe-tyrosol has significant adsorption energies and charge transfer and therefore, NHMe-tyrosol can be chemisorbed on the surface of the BN-nanotube (9, 0). ) of tyrosol derivatives on BN-nanotube (9, 0) surface, and the charge transferred (Q T (e) in eV) from the tyrosol derivatives to BN-nanotube (9, 0).
Structure
Gas In present paper, the dependencies between E ad , BDE, and IP values of tyrosol derivatives were investigated. The absolute values of E ad of tyrosol derivatives were corrected against calculated BDE and IP values. The Equations 2-5 were obtained from linear regressions as follow:
The correlation coefficients of Equations 2-5 were 0.993, 0.994, 0.989, and 0.985, respectively. These results show that, there were linear dependencies between E ad , BDE, and IP values of studied tyrosol derivatives. Obtained equations enable us to estimate the E ad values of studied tyrosol derivatives from corresponding BDE and IP values. According to obtained results, novel tyrosol derivatives with high level of antioxidant activity were proposed. In this article, the effects of size of BN-nanotubes on adsorption potential of tyrosol derivatives were investigated. The calculated E ad values of tyrosol derivatives on various BN-nanotube surfaces were reported in the Table 5 . Results show that, BN-nanotube (10, 0) has higher potential to tyrosol adsorption rather than BN-nanotube (9, 0) ca 0.12 kJ mol −1 . Also, results show that BNnanotube (8, 0) and BN-nanotube (7, 0) have lower potential to tyrosol adsorption rather than BN-nanotube (9, 0) ca 0.04 and 0.06 kJ mol −1 , respectively.
Conclusion
In this study, the BDE and IP values of tyrosol were calculated in gas phase and water. The effects of NHMe, OMe, and tert-butyl substituents on the antioxidant activity of tyrosol were investigated. According to obtained results, novel tyrosol derivatives with high level of antioxidant activity were proposed. Also the adsorption energy (E ad ) of studied tyrosol derivatives on BN-nanotube surface were investigated. Results show that, BN-nanotube interacted with substituted tyrosols effectively and so their adsorptions were exothermic and possible from the energetic viewpoint. Results show that, replacement of the NHMe group at the x position of tyrosol was suitable scheme to improve the sensitivity of tyrosol toward BN-nanotube surface. The NHMe and OMe substitutions increase antioxidant activity of tyrosol. The calculated BDE an IP values of the substituted tyrosols have linear dependencies with E ad values of tyrosols. These linear dependencies, selected the novel tyrosol derivatives with high level of antioxidant activity.
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